Vaccination by direct injection of plasmid DNA encoding viral antigens has been attempted in several animal models (9, 10, 24, 35, 47, 49) . Furthermore, previous studies have demonstrated the potential value of DNA vaccination in protecting the host from exposure to live viruses (10, 18, 47) . Boyer et al. showed a successful DNA vaccination against laboratory-isolated human immunodeficiency virus type 1 (HIV-1) in a nonhuman primate model (4). Hence, this novel vaccination approach may have some potential for controlling certain viral infections where conventional vaccines have failed.
Vaccination by direct injection of plasmid DNA encoding viral antigens has been attempted in several animal models (9, 10, 24, 35, 47, 49) . Furthermore, previous studies have demonstrated the potential value of DNA vaccination in protecting the host from exposure to live viruses (10, 18, 47) . Boyer et al. showed a successful DNA vaccination against laboratory-isolated human immunodeficiency virus type 1 (HIV-1) in a nonhuman primate model (4) . Hence, this novel vaccination approach may have some potential for controlling certain viral infections where conventional vaccines have failed.
In the history of vaccine development since Jenner's innovation, a major goal has been enhancement of vaccine immunogenicity. An attractive approach to achieve this goal is the incorporation of immunologic adjuvants into a vaccine formulation. In fact, a number of adjuvants have been explored and have showed respectable facilitating effect on immune responses to polypeptide-based vaccine antigens (37, 48) . Furthermore, we and others have attempted to boost the immune response to DNA vaccines using immunologic adjuvants (12, 20, (39) (40) (41) (42) , and such attempts have been successful.
Following up on previous studies (12, 20, (39) (40) (41) (42) , we intended to evaluate another potential adjuvant in DNA vaccination. The QS-21 saponin adjuvant (15) was chosen due to its capacity to induce interleukin-2 (IL-2) and gamma interferon (IFN-␥) (16) , which are known to be crucial in enhancing DNA-derived cell-mediated immunity (8, 34, 46) . In addition, this adjuvant has also been shown to augment the specific cytotoxic T-lymphocyte (CTL) response to ovalbumin and HIV-1 env subunit antigen vaccines in mice (33, 51) and to simian immunodeficiency virus env subunit vaccines in a rhesus macaque model (32) . The current study was designed to evaluate whether QS-21 enhances humoral and cell-mediated immunity induced by DNA vaccination against HIV-1. T-helper type 1 (Th1) and Th2 cytokine function in QS-21-mediated DNA vaccination was also examined. We show that QS-21 acts as an effective adjuvant for an HIV-1 env-based DNA vaccine administered via both the intramuscular (i.m.) and the intranasal (i.n.) routes.
MATERIALS AND METHODS
Experimental animals. Female BALB/c mice (8 to 10 weeks old) were purchased from Japan SLC Inc., Shizuoka, Japan, and were used for the vaccination studies. BALB/cAnNCrj-nu mice (Japan SLC) were used to produce anticytokine monoclonal antibodies (MAbs) by transplantation of the hybridoma cell lines which secrete objective MAbs. All mice were furnished with access to sterile food and water.
Plasmid DNA and MAbs. Immunogenic DNAs, pCMV160IIIB and pcREV, which encode the env and rev genes of HIV-1 IIIB , respectively, were described in our previous report (35) . Although our DNA vaccine formulation was designed to elicit an env-specific immune response, the rev expression plasmid was in-cluded because a previous study (27) showed that expression of env protein is dependent on rev coexpression.
The hybridoma cell lines S4B6 (obtained from American Type Culture Collection, Rockville, Md.) and XMG1.2 (kindly provided by J. Miller, DNAX Research Institute, Palo Alto, Calif.), each of which secretes a rat MAb neutralizing mouse IL-2 and IFN-␥, were injected into the peritoneal cavity of the BALB/cAnNCrj-nu mice, and purified MAbs were obtained from the ascites by using an Ampure PA kit (Amersham Japan, Tokyo, Japan). As a control, GL113, a rat MAb to ␤-galactosidase (␤-Gal), also provided by J. Miller, was prepared by the same procedure.
Vaccine formulations and animal treatment. Purified QS-21 was prepared as described elsewhere (15) . Plasmids pCMV160IIIB (IIIB) and pcREV (REV) were mixed with the indicated doses of QS-21. The DNA dose for immunization was 5 g each of IIIB and REV (total, 10 g) per mouse in both the i.m. application and the i.n. application. For i.m. immunization, the immunogen and adjuvant were diluted with sterile saline and 100 l was injected into the biceps femoris muscle with the Williams needle (50) . For i.n. immunization, mice were anesthetized with diethyl ether, and 30 l of the prepared vaccine also diluted with sterile saline was dropped into the nostril gradually to prevent suffocation. The mice were therefore able to inhale the vaccine preparation in a natural manner. Inoculations via both the i.m. route and the i.n. route were performed twice at a 2 week interval. To determine whether QS-21 acted regionally at the administered site or systemically, some mice were separately inoculated with the immunogen and the adjuvant into a nostril and a leg, respectively, or into contralateral legs. To clarify the roles of IL-2 and IFN-␥ in the mechanism of the adjuvant action, MAbs to mouse IFN-␥ or IL-2 (derived from XMG1.2 and S4B6, respectively) were used to neutralize these cytokines in vivo. Experimental mice were injected intraperitoneally with 100 g of anti-IFN-␥ or anti-IL-2 MAb at 3-or 4-day intervals (twice per week) from the day of the initial immunization until the assay was performed. Control mice were treated with anti-␤-Gal MAb (GL113) with the same protocol.
EIA for antibody titration and cytokine measurement. Enzyme immunoassay (EIA) was used for titration of the antigen-specific serum immunoglobulin G (IgG) and intestinal secretory IgA (sIgA) responses, determination of the specific immunoglobulin subtype, and quantification of the cytokines produced by in vitro-restimulated splenic mononuclear cells. Sample blood was collected by retro-orbital puncture at 2 weeks after the second immunization, and the assay was performed as follows. A gp160 protein of HIV-1 IIIB (courtesy of B. Wharren, Karolinska Institute, Stockholm, Sweden) was employed as an antigen for detection of serum antibody responses to HIV-1 IIIB env. It was coated on 96-well microtiter plates (Nunc, Roskilde, Denmark); after blocking with 3% bovine serum albumin in phosphate-buffered saline serially diluted antisera were added and incubated at 37°C for 2 h. Peroxidase-conjugated goat anti-mouse IgG (Organon Teknika Corp., West Chester, Pa.) was used as the secondary antibody; then, plates were stained with 3,3Ј,5,5Ј-tetramethylbenzidine (DAKO Corp., Carpinteria, Calif.). The antigen-specific intestinal sIgA response was measured in a fecal extract. Fecal samples were prepared as described elsewhere (34) . For the estimation of the sIgA response, a peptide from the principal neutralizing determinant of HIV-1 IIIB (NNTRKSIRIQRGPGRAFVTIGKIGN) was constructed with a multiple antigenic peptide system and used as a coating antigen. Secondary antibody was rabbit anti-rat secretory component antibody (provided generously by B. Underdown, McMaster University). Titers are expressed as the reciprocal log 2 value of the final detectable dilution, which was defined as 2 standard deviations above the mean optical density at 450 nm of preimmune samples at the same titration point. The antigen-specific IgG1, IgG2a, and IgE responses were determined as relative amounts at the same time point. Horseradish peroxidase-coupled anti-mouse IgG1 or IgG2a (Organon Teknika) or IgE (Southern Biotechnology Associates, Inc., Birmingham, Ala.) was used as the secondary antibody, and the results are presented as optical density at 450 nm.
The cytokine profile of the mice inoculated by i.m. injection was also estimated with EIA. For quantification of IL-2, IFN-␥ (representative Th1-type cytokine), and IL-4 (representative Th2-type cytokine), spleens were harvested at 2 weeks after the second immunization, and freshly isolated splenic mononuclear cells were cultured in the presence of the V3 peptide. This peptide, RGPGRAFV TIGK, contains both a helper epitope (22) and a CTL epitope (45) for HIV-1 IIIB . Then culture media were collected at 48 h after the start of cell culture, and cell-free supernatants were stored at Ϫ80°C until assayed. Cytokine amounts in these samples were measured with a commercial EIA kit (Cytoscreen; BioSource International, Camarillo, Calif.) according to the manufacturer's instructions.
DTH response. The delayed-type hypersensitivity (DTH) reaction was assayed by a footpad swelling test. Two weeks after the second immunization, mice were injected with 5 g of the V3 peptide into the right footpad. The same amount of a sperm whale myoglobin peptide, ALVEADVA (36) , was injected into the left footpad as a control. After 24 h, the extent of the footpad swelling was measured with a dial thickness gauge (Ozaki Seisakusho, Tokyo, Japan) as the difference in footpad thickness between the pre-and postinjection measurements in units of 10 Ϫ2 mm. Determination of cytolytic activity. Cytolytic activity was assayed in splenic mononuclear cells from i.m.-and i.n.-immunized animals and in mesenteric lymphoid cells from i.n.-immunized animals. Also 2 weeks after the second immunization, splenic or mesenteric lymphocytes were harvested and cultured in the presence of irradiated syngeneic spleen cells pulsed with the V3 peptide. The target cells were 51 Cr-sodium chromate-labeled syngeneic cell lines (P815; H-2 d ) pulsed with or without the same peptide. The latter was prepared to evaluate nonspecific cytolytic activity. After being cultured for 5 days, bulk splenic mononuclear cells as effectors were cocultivated with the target cells pulsed with the V3 peptide at effector/target (E/T) ratios ranging from 5:1 to 80:1. Non-peptidepulsed targets were mixed with the effectors at an E/T ratio of 80:1 only. Target cell lysis was measured by gamma ray counting of cell-free supernatants to determine the amount of 51 Cr released. The percentage of chromium release was calculated as 100 ϫ (Cr release in sample Ϫ spontaneous Cr release)/(maximum Cr release Ϫ spontaneous Cr release). Target cells incubated in the medium with or without 5% Triton X-100 were used to determine maximum or spontaneous 51 Cr release, respectively.
Statistical analysis. All values obtained from experiments were expressed as means Ϯ standard errors of the means (SEM). Data were analyzed by one-way factorial analysis of variance, and significance was defined as P Ͻ 0.05. Figure 1 shows HIV-1 IIIB -specific serum IgG and intestinal sIgA titers of mice inoculated with the cocktail of IIIB/ REV and QS-21 by i.m. injection or i.n. inhalation. Samples were collected 2 weeks after the booster immunization. Both the 10-and the 25-g doses of QS-21 significantly enhanced the antigen-specific serum IgG response elicited by the i.m. and i.n. immunizations. Serum antibody titers for i.m. and i.n. immunizations were almost the same. In contrast to the lower doses, the 75-g dose of QS-21 did not enhance the IgG response to i.m. vaccination. Although i.m. vaccination could elicit a detectable fecal sIgA response, no facilitating effect of QS-21 on intestinal antibody production was noted. However, when 10 or 25 g of QS-21 was administered via the i.n. route, significant enhancement of the antigen-specific sIgA titer was observed. Twenty-five micrograms of QS-21, either alone or with the empty vector, did not produce a detectable antibody response. These results indicate that the optimal dose of QS-21 to elicit an enhanced antibody response to IIIB/REV was 10 to 25 g per mouse, and QS-21 certainly augmented the DNAderived antibody response. In i.n. immunization, a 75-g dose of QS-21 made mice sluggish and cyanotic, and some of them died due to probable respiratory failure. This suggests that a high dose of QS-21 has toxicity in mice when administered via the i.n. route; therefore, we discontinued the use of the 75-g dose in i.n. immunization. Figure 2 illustrates the relative amounts of antigen-specific IgG1, IgG2a, and IgE in the sera obtained from i.m.-and i.n.-immunized animals. Among the serum IgG subclasses, i.m. immunization without the adjuvant resulted in an IgG2a titer that was higher than the IgG1 titer, whereas i.n. immunization resulted in an IgG1 titer that was higher than the IgG2a titer. QS-21 increased the level of IgG2a elicited by the 25-g dose administered by the i.m. route and the 10-and 25-g doses by the i.n. route. The amount of IgG1 was decreased in a QS-21 dose-dependent manner for both routes. The IgE response in i.n.-immunized animals was similar to the IgG1 profile (data not shown). In i.m.-immunized animals, the IgG2a response was always greater than the IgG1 response irrespective of whether the adjuvant was used, and IgG1 and IgE levels were decreased with a dose escalation of QS-21. The relationship between the Th1-Th2 dichotomy and predominant immunoglobulin isotype has been established (31): IgG1 and IgG2a are classified as the Th2-and Th1-type responses, respectively.
RESULTS

QS-21 has an immunomodulatory effect on humoral immunity.
Our data therefore suggest that 25 g of QS-21 elicited maximal activation of the Th1 subset via both immunization routes. The samples obtained from the i.m. group 2 weeks following the primary immunization showed similar IgG titers irrespective of QS-21 administration (antibody titer means Ϯ SEM for IIIB/REV with and without 25 g of QS-21, 10.8 Ϯ 0.7 and 9.7 Ϯ 0.8, respectively, for i.m. immunization). These results suggested that a booster immunization was required for enhancing the antibody response when QS-21 was used as adjuvant.
Adjuvant activity of QS-21 for cell-mediated immune responses. The DTH reaction was also assayed at 2 weeks after the booster immunization (Fig. 3) . Similarly to the IgG response in antibody measurement, i.n. immunization could elicit a DTH reaction comparable to that produced by i.m. immunization. As the figure shows, a 25-g dose of QS-21 was optimal for eliciting maximal footpad swelling via both immunization routes. In a separate experiment, the swelling response measured at 2 weeks after the initial i.m. immunization yielded results similar to those obtained after the booster immunization ( Fig. 2A) (swelling response means Ϯ SEM [in 10
Ϫ2 mm] for IIIB/REV with and without 25 g of QS-21, 16.1 Ϯ 0.9 and 10.4 Ϯ 1.2, respectively). These data suggest that the adjuvant-augmented DTH response did not require the booster immunization. Similarly to the results of antibody measurement, i.n. immunization could elicit a DTH reaction comparable to that produced by i.m. immunization.
Cytolytic activities of the splenocytes and mesenteric lymphocytes were also tested at the same time point. As shows, a strongly enhanced specific cytolysis was attained with 5 g of QS-21 via both immunization routes. Unexpectedly, the 25-g dose diminished the cytolytic activity in spite of a consistent enhancement of the antibody production and DTH reaction. The optimal QS-21 doses for activation of CD8 ϩ CTL and CD4 ϩ helper T cells, which are responsible for cytolytic and DTH responses, respectively, may be different in DNA vaccination. i.n. immunization preferentially induced cytolytic activity of mesenteric lymphoid cells, whereas i.m. immunization did not elicit detectable cytolysis by these cells (data not shown). Furthermore, a 5-g dose of QS-21 prominently enhanced cytolytic activity of mesenteric lymphoid cells by i.n. immunization.
We also evaluated whether the adjuvant could be utilized systemically. When the immunogen and adjuvant were separately injected into contralateral legs, no enhancement of the DTH reaction or cytolytic response was observed (data not shown). Similarly, mice receiving DNA i.n. and adjuvant i.m. did not show enhanced CTL activity. Hence, the adjuvanticity of QS-21 is apparently exerted locally at the site of DNA administration but not systemically.
Influence of QS-21 upon cytokine secretion by splenocytes from animals receiving an i.m. DNA immunization. Th1-and Th2-type cytokines produced by the restimulated bulk spleen cells from i.m.-immunized mice were measured by EIA. As  Fig. 5 shows, the 25-g dose of QS-21 elicited maximal production of IL-2 and IFN-␥ and a decrease in IL-4 synthesis, suggesting that the Th1 subset was maximally activated with this dose. This correlates with the immunoglobulin subtype profile shown in Fig. 2A .
Role of Th1-type cytokines in immune responses produced by an i.m. DNA immunization with the QS-21 adjuvant. To clarify the roles of IL-2 and IFN-␥ in augmentation of the humoral and cell-mediated immunity induced by the QS-21 adjuvant DNA vaccination, mice receiving two i.m. immunizations with IIIB/REV alone or formulated with QS-21 were treated with an intraperitoneal injection of anti-mouse IL-2 and IFN-␥ MAbs. As shown in Fig. 6A , injection of these MAbs notably altered the immunoglobulin subtype profile, with IgG1 and IgE being markedly increased and IgG2a being decreased. These findings indicate that the Th2-type response was dominant and the Th1-type response was suppressed in animals treated with the MAbs to these Th1-type cytokines. Enhancement of IgG2a production by QS-21 is therefore suggested to be mediated through IL-2 and IFN-␥. As for the DTH reaction, a significant drop in the swelling response was observed when mice were treated with these MAbs whereas administration of an anti-␤-Gal MAb (GL113) did not affect the enhanced response (Fig. 6B) . In the CTL assay, injection of anticytokine MAbs abrogated the cytolytic response irrespective of the presence or absence of QS-21; the control MAb GL113 had no effect on the response (Fig. 6C) . These results show the pivotal roles of IL-2 and IFN-␥ in generation and enhancement of the DTH reaction and the CTL response induced by the QS-21 adjuvant DNA vaccination.
The in vivo neutralizing capability of the MAbs to IL-2 and IFN-␥ (S4B6 and XMG1.2) in our assay system was verified also by cytokine EIA on restimulated splenocytes from i.m.-immunized mice treated with these MAbs (Fig. 6D) . As expected, the predominant synthesis of IL-4 associated with a notable drop in IL-2 and IFN-␥ production was observed in the splenocytes from groups injected with these antibodies whereas the negative-control anti-␤-Gal MAb (GL113) did not affect the cytokine production.
DISCUSSION
We undertook the present study to evaluate the immunomodulatory effect of the QS-21 adjuvant on the systemic and mucosal immunity induced by i.m. and i.n. DNA vaccinations for HIV-1. This adjuvant showed substantial facilitating effects on the antigen-specific serum and intestinal antibody responses ( Fig. 1 and 2 ) and cell-mediated immune responses ( Fig. 3 and  4) . Th1-and Th2-type cytokine profiles were examined in i.m.-immunized animals, and the profile showed induction of Th1-type cytokines by QS-21 (Fig. 5) . QS-21-mediated immune enhancement was nullified by anti-Th1-type cytokine MAbs administered in vivo (Fig. 6) . Although QS-21 has been examined in various vaccination models (13, 23, 32, 51) , to our knowledge this is the first published study using QS-21 together with DNA vaccines.
In a strategy for AIDS vaccine development, induction of a strong mucosal immunity and CTL activity to HIV-1 are pivotal tasks since the major route of HIV transmission is through mucosal tissues and CTLs can lyse infected cells directly. For this reason, we believe that consideration of both the use of adjuvant and optimal immunization route is quite important, as suggested in earlier reports (2, 34, 41) . Because some adjuvants show adjuvanticity in DNA vaccination (12, 20, (39) (40) (41) (42) as well as in peptide-based vaccination, systemic immunization routes do not generally induce substantial mucosal immunity (25, 29) . In the present study, QS-21 demonstrated its immunomodulatory effect on systemic immunity and mucosal immunity, with the latter being enhanced by QS-21 via the i.n. immunization route but not via the i.m. immunization route ( Fig.  1 and 4) .
As for humoral immunity in mucosal tissues, we and others found that HIV-1-specific intestinal sIgA induced by a peptide (5, 43) or a DNA vaccine (34) is capable of neutralizing HIV-1 in vitro. HIV-1-specific sIgA in mucosal tissues therefore may FIG. 5 . Cytokine amounts in the culture media of the splenocytes harvested from the mice inoculated with the vaccine formulated as shown. Mice were treated as specified in the legend to Fig. 1 , and the cells were also harvested at 2 weeks after the second immunization. These cells were cultured in the presence of the V3 peptide, and 48 h later, cell-free supernatants were collected and subjected to the cytokine enzyme-linked immunosorbent assay by using appropriate assay kits. The results were determined by a duplicate assay and are presented as means Ϯ SEM for three and six mice for control and experimental groups, respectively. act effectively in helping to block HIV penetration of the mucosal membrane. When the immunogenic DNA was formulated with QS-21 and administered via the i.n. route, intestinal sIgA production was significantly augmented in a QS-21 dosedependent manner (Fig. 1) . Accordingly, the i.n. route of DNA vaccination together with QS-21 may be more suitable than the i.m. route in view of the stimulation of sIgA antibody production; the elicitation of mucosal immunity observed in this study was consistent with that in earlier studies (2, 41) . Induction of HIV-specific CTL activity in the gastrointestinal or urogenital tract and associated lymphoid tissues is also considered to be important (6, 17) , as is the systemic CTL response, for prevention of mucosa-associated HIV transmission. DNA vaccination via the i.n. route elicited cytolytic responses by both splenic and mesenteric lymphoid cells, and a 5-g dose of QS-21 remarkably enhanced these CTL activities (Fig. 4) . In the case of HIV infection via mucosal tissues, CTLs in the regional lymph nodes may be a barrier against HIVinfected cells. If the infected cells break through this barrier and HIV spreads into the bloodstream, systemic CTLs can disturb viral replication (1). Since a two-step barrier against HIV can be prepared with i.n. DNA-QS-21 vaccination, the i.n. route has advantages over the i.m. route in a murine model.
Most nasal-or oral-vaccination studies targeting mucosal immunity have used the cholera toxin (CT) adjuvant (5, 20, 43, 52) . CT is classical but reliable as a mucosal adjuvant; however, it is classified as a Th2-type adjuvant (48) and is reported to induce a Th2-biased immunity to both polypeptide vaccination (43, 52) and DNA vaccination (20) . Hence, CT is not considered suitable for inducing systemic Th1-type cell-mediated immunity, which is important to combat fresh HIV infection and to control disease progression of AIDS (1, 38) .
QS-21 is a highly purified triterpene glycoside saponin isolated from the bark of the Quillaja saponaria Molina tree (15) . This adjuvant has demonstrated consistent adjuvant activity in previous vaccination studies (13, 23, 32, 51) and preferentially elicits Th1-type immune responses (16, 26, 32) . These observations suggest that QS-21 exhibits its adjuvancy through stimulation of the Th1 subset (30, 44) . The current results indicate that this adjuvant did elicit Th1-type immune responses to the DNA vaccine (Fig. 2, 3 , and 5) and enhancement of the humoral and cell-mediated immunity is mediated by IL-2 and IFN-␥ (Fig. 5 and 6 ). Therefore, in the case of i.n. DNA vaccination, immunogenic DNA formulated with QS-21 may be more useful than the conventional CT adjuvant-mucosal vaccines because the former can induce a CTL activity as well as a mucosal sIgA response, both of which are important in controlling HIV infection.
Antigen-specific cytolytic activity was also enhanced by QS-21 (Fig. 4) , but the optimal QS-21 dose was different from that for IgG2a production (Fig. 2) , the DTH reaction (Fig. 3) , and the cytokine secretion profile (Fig. 5) . Five micrograms was optimal for the CTL response, whereas other immunological parameters (antibody and DTH) were maximally augmented by a 25-g dose. Although a clear explanation for this discrepancy is impossible at present, it may be due to different QS-21 dose effects on activation of CD8 ϩ CTL and CD4 ϩ T-helper cells. Emphasis is placed on the fact that the cytolytic response is a downstream event of CD8 ϩ T-lymphocyte activation whereas the IgG2a and DTH response or cytokine secretion itself directly reflects CD4 ϩ T-helper-cell activity. The optimal conditions for inducing CD8 ϩ CTL and CD4 ϩ helper T cells could be different, as reported previously (3, 14) , although Th1-type cytokines are necessary for CTL priming (28) . In fact, repeated inoculation was necessary for QS-21-mediated CTL enhancement, whereas the DTH reaction was enhanced with a single immunization.
HIV-specific CTL activity is useful in preventing disease progression of AIDS and for protecting an individual from fresh HIV infection (1), whereas neutralizing antibody is effective at least for the prophylaxis of the infection or early treatment of AIDS (7). This suggests that, in a murine model, the optimal QS-21 dose for a therapeutic DNA AIDS vaccine formulation is 5 g (for maximal CTL induction) and is 10 g for a prophylactic vaccine (enhanced antibody titer and CTL activity).
The mechanism for DNA-derived immunity elicited by i.n. DNA administration, although important, remains an inadequately explored topic. It is known, however, that the surface of the nasal mucosa contains lymphoid tissues which are histologically similar in structure to Peyer's patches (21) . DNAtransfected antigen-presenting cells in nasal lymphoid tissue can migrate through lymph vessels and/or the bloodstream, which may result in their dissemination to remote lymphoid tissues such as those of the gut and spleen. Hypotheses similar to this have been advocated by other groups (10, 11) . We believe that i.n. immunization is more likely to cause lymphoid cell dissemination to remote sites than i.m. immunization.
The implication from the present study is that QS-21 stimulates Th1-biased immunomodulation in DNA vaccination by both i.m. and i.n. DNA applications. The i.n. route of immunization is more efficient than the i.m. route in inducing mucosal immunity mediated by sIgA and mesenteric lymphocytes. These results may provide insight for the design of AIDS DNA vaccine formulations containing immunologic adjuvants. An essential follow-up to the present study is the evaluation of QS-21 adjuvant DNA vaccines in nonhuman primate models as an intermediate step between the murine model and phase I clinical trials. Direct DNA administration to urogenital or rectal mucosa is also necessary in these studies since suggestive data have been obtained for DNA inoculation into mucosal tissues in macaques (17) and humans (19) . Finally, since major routes of QS-21 administration have been i.m. or subcutaneous (13, 23, 32, 51) , investigation into the safety of i.n.-administered QS-21 should be also important, although QS-21 is reported to be safer than other products purified from bulk saponin (15) .
